Abstract-In this letter, we experimentally demonstrate resonant-wavelength control of a series of 16 nanocavities in a two-dimensional photonic crystal slab structure by nanometer-order variation of the lattice constants and air-holes sizes. The cavities show a linear dependence on these parameters, a 1-nm increase of lattice constant or air-hole size leading to 4.2-nm increase or 1.56-nm decrease of the resonant wavelength, respectively. These experimental results are in good agreement with the finite-difference time-domain calculations and have a small standard deviation of wavelength (1 nm) between samples on a single chip. These results will stimulate development in areas such as ultrasmall and multichannel filters, sensors, and switches.
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I. INTRODUCTION

P
HOTONIC crystals (PCs) with subwavelength-scaled periodic structure are attracting much interest for their ability to produce nanophotonic devices. Recently, the quality ( )-factors of nanocavities in two-dimensional (2-D) PC slab structures have been increased remarkably [1] - [3] . In general, control over the resonant wavelength of such a highnanocavity is very important for various applications. However, controlling the resonant wavelengths of the PC nanocavities has been a major challenge because of their sensitivity to changes of the PC's geometric parameters such as the lattice constant [4] , filling factor [5] , and slab thickness [6] . We have demonstrated nanocavities with the resonant wavelength spacing of nm [4] . However, a quantitative discussion of the wavelength spacing has not yet been given and to date increased accuracy of control over a larger number of channels has not been demonstrated. In this letter, we show experimentally resonant-wavelength control of 16 nanocavities in series by nanometer-scaled adjustment of the lattice constants and air-hole sizes of their PC slab structures. It is also shown that the ). Each PC unit consists of a waveguide made by one line of missing holes and a nanocavity of three missing holes separated from the waveguide by four rows as shown in the inset of Fig. 1 . The air-hole size is constant for all the PC units in a sample. The dimensions of each PC unit are as small as 12 m 10 m. In each PC unit, the total -factor of the cavity has been designed to be 3800 (i.e., the resonant spectrum has a full-width at half-maximum 0.4 nm) [4] . The sample was fabricated from silicon-on-insulator (SOI) with a 250-nm-thick silicon layer on 3 m of SiO . The PC patterns were defined in resist using electron-beam lithography (EBL) on SOI. The air-hole diameter is controlled by the dose-time in the EBL system. The patterns were then transferred into the silicon layer by inductively coupled plasma etching. Finally, the SiO layer was removed by a HF solution to form an air-bridge structure. Two samples with different air-hole diameters ( ) were fabricated: type-A ( nm) and type-B ( nm). S-4800] images of the fabricated samples using image analysis software (Mediacybernetics, Image-Pro). Three sets of type-A and type-B samples were fabricated on the same chip to make the quantitative discussion of the optical properties possible.
III. RESULTS AND DISCUSSION
The optical characteristics of the samples were measured and the relationship between the resonant wavelength and the sample geometry was studied. In order to investigate the optical characteristics, light is coupled into the cleaved facet of the waveguide as schematically shown in the Fig. 2 (top) . In a given PC unit, light propagating along the waveguide is coupled to a cavity when its wavelength matches the resonant wavelength of the cavity. The light coupled to the cavity is then emitted into the free space because the cavity mode is leaky. This dropped light emitted from the cavity is observed (or measured) using an infrared camera (or InGaAs photodiode). Fig. 2 shows near-field images of the observed dropped light for a type-A sample where are the resonant wavelengths of the individual cavities in 16 PC units (PC PC PC ), respectively. As seen in Fig. 2 , light with iteratively shorter wavelengths is emitted in succession from the cavities in PC units, and the spacing of the resonant wavelength between neighboring PCs is 5 nm. These results imply that the optical properties are controllable by using a lattice-constant difference between the PC regions. The detailed drop spectra for the individual cavities were measured and shown in Fig. 3(a) , confirming the wavelength spacing between the neighboring resonant wavelengths is 5 nm for all the PC units. This consistent wavelength spacing is almost equal to the wavelength-shifted value expected from a lattice-constant difference of 1.25 nm according to finite-difference time-domain (FDTD) simulations [7] and implies that 2-D PC slab structures with 16 nanocavities can be sufficiently controlled on a nanometer scale. There is nonuniform emission intensity from the cavities and the splitting spectra at resonant wavelengths (especially, longer than 1530 nm), which are due to the Fabry-Pérot interferences between the input facet and hetero-interfaces (which are boundaries between PCs with different lattice constants) [8] . The detailed analysis of the interference in this sample will be reported elsewhere. The problem of the Fabry-Pérot interference could be solved by connecting a wire waveguide to the PC waveguides and thus reducing the reflection from input facet [9] , [10] . The relationship between the designed lattice constants and the measured resonant wavelengths is plotted in Fig. 3(b) for all three type-A samples fabricated on the same chip. This shows that the resonant wavelengths of all the samples are directly proportional to the lattice constant. The mean of the three samples can be fitted linearly and the slope of the fitted line shows a 4.2-nm increase of wavelength per 1-nm increase of lattice constant, which is in good agreement with the calculations [7] . Furthermore, the standard deviation of the resonant wavelengths for the three samples is within 1.1 nm. This implies that the resonant wavelength is well controlled by nanometer-scale adjustment of the lattice constants in each of the 16 PC units. The deviation of resonant wavelengths is probably due to very slight fluctuation in the lattice constant, air-hole size, and slab thickness.
Because the lattice constant steps of 1.25 nm used in the above experiment are close to resolution limit in our EBL system, we require another method for finer control over the resonant wavelength. Here, we investigate the influence of changing the air-hole diameter (i.e.,: the filling factor). Fig. 4(a) shows the calculated resonant wavelength of the cavity with three missing holes versus the air-hole diameter, which is calculated by using the 3-D FDTD method assuming lattice constant nm ( nm). The resonant wavelength of the cavity changes almost linearly with the air-hole diameter. The slope of the fitted line is 1.34 wavelength (nanometers) per air-holes diameter (nanometers), smaller than the shifting ratio of resonant wavelength by changing the lattice constant.
To verify that the diameter can be controlled on a nanometer scale, we examined the air-hole sizes of the five samples with identical design but fabricated separately. Here, the target diameter of the air holes is 240 nm. The air-hole sizes of the five samples are plotted in Fig. 4(b) . The standard deviation of air-hole sizes is as small as 2.4 nm, meaning that the air-hole diameter is controllable on a nanometer scale. In particular, the air-hole-diameter difference between iterations 2 and 3 is only 0.8 nm corresponding to repeatability of 99.6%. On the basis of the above experiment, three type-B samples with an air-hole diameter of 240 nm, which is 6.4 nm larger than that of the type-A samples, were fabricated on an SOI chip. The resonant wavelengths of cavities in the type-B samples were measured and the mean resonant wavelengths of the cavities are plotted as circles of Fig. 5 . The standard deviation of the wavelengths of the three type-B samples was 0.6 nm. As seen in the figure, the resonant wavelengths of the type-B samples are uniformly shifted toward shorter wavelengths by almost 10 nm while the slope of wavelength versus lattice constant remains. From the figure, the ratio of the wavelength to air-hole diameter is estimated to be 1.56 ( nm in wavelength nm in air-hole diameter). This is less than half of the ratio of 4.2 (wavelength versus lattice constant). This ratio of 1.56 is almost consistent with the theoretical result of 1.34 shown in Fig. 4(a) . Optimization of the lattice constant and air-hole size in 2-D PC structures by the advanced EBL technique of weighted dose allocation for fine-control of pitch used in 1-D gratings [11] and postprocessing for matching a desired resonant wavelength [12] should lead to the realization of ultrasmall 2-D PC samples with multiple wavelength operation and resonant-wavelength spacing of less than 1 nm.
IV. CONCLUSION
We have demonstrated resonant-wavelength control of 16 arrayed nanocavities by nanometer-scaled differences in lattice constant and air-hole size in a 2-D PC slab. We have shown experimentally that the controlled wavelength ratios are 4.2 and 1.56 nm per nanometer of change in lattice constant and air-hole diameter, respectively. In addition, we show that the experimental results are in agreement with the FDTD calculations and have a small standard deviation of wavelength 1 nm of several samples on a single chip. We believe that these results will stimulate various applications and the developments of ultrasmall optical filter and bio/chemical sensors with a dense wavelength spacing and precise resonant wavelength.
